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Distinctive dielectric properties of nematic liquid crystal dimers
We provide an overview of the effect of the molecular structure on the dielectric properties of dimers exhibiting nematic and twist-bend nematic phases with special focus on how the conformational distribution changes are reflected by the dielectric behaviour. Nematic dimers show distinctive dielectric properties which differ from those of archetypical nematic liquid crystals, as for example unusual temperature dependence of the static permittivity or dielectric spectra characterized by two low-frequency relaxation processes with correlated strengths. The interpretation of such characteristic behaviour requires that account is taken of the effect of molecular flexibility on the energetically favoured molecular shapes. The anisotropic nematic interactions greatly influence the conformational distribution. Dielectric behaviour can be used to track those conformational changes due to dependence of the averaged molecular dipole moment on the averaged molecular shape. Results for a number dimers are compared and analysed on the basis of the influence of details of the molecular structure, using a recently developed theory for the dielectric properties of dimers [Dunmur DA, Luckhurst GR, de la Fuente MR, Diez S and Perez Jubindo MA.
Introduction
It is well-known how rod-shaped [1, 2] , disk-shaped [1, 2, 3] and bent-shaped molecules [4, 5] induce their own hierarchy of mesophases with different symmetries. Although all these different structures can show a nematic phase, it is expected that the phase behaviour and properties will be greatly influenced by the details of the molecular structure. Of particular interest are liquid crystal dimers, for which the introduction of extra degrees of freedom to the molecular shape by the core flexible spacer has been demonstrated to have a strong impact on their phase behaviour and properties.
Calamitic, discotic or bent-core mesogenic groups have been used among others as 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w O n l y building blocks for dimeric systems, connected by longitudinally or laterally by flexible linking groups of different types, length or parity, and revealing a highly interesting hierarchy of mesomorphic behaviour [6] [7] [8] [9] [10] [11] [12] [13] . However, in the recent years the simplest calamitic-calamitic dimers have attracted considerable attention due to the discovery of a novel nematic phase, originally for cyanobiphenyl based odd dimers with methylene links ( , -bis(4,4'-cyanobiphenyl)-alkanes CBnCB). Depending on the chain parity, dimers adopt a preferred linear (even) or a bent (odd) averaged molecular shape, responsible for the pronounced odd-even effect observed on many of their properties, as for example, transitional entropies and temperatures [14] [15] [16] , dielectric anisotropy values [17] , elastic constants and flexoelectric coefficients [17] [18] [19] . In the case of the odd bent conformation, the molecular structure does not fit well to the nematic environment causing lower transition temperatures and entropy changes at the isotropicnematic transition [11, 20] . However, of fundamental interest is the effect molecular curvature exerts on the elastic properties of odd dimers, which causes an inversion of the ratio of the splay and bend elastic constants, with the latter taking remarkable low values and a decreasing tendency with increasing order parameter [18, 19, [21] [22] [23] [24] [25] . It seems that the ultimate consequence of this unique combination of molecular flexibility and bent molecular curvature is the appearance of an additional nematic mesophase, found at temperatures below the conventional nematic phase [23, [26] [27] [28] [29] . This novel nematic phase has been identified by a wide number of studies as the twist-bend nematic phase (N TB ) initially predicted for bent-shaped molecules [30, 31] and is characterized by a spontaneous twist-bend deformation of the nematic director. That is, a mesophase with only long-range orientational order where the director tilts and is arranged in a heliconical structure, characterized by a very short pitch of the order of nm [23, 29, 32] and a conglomerate of domains having doubly degenerate handedness. A variety of molecular field theories have been developed [16, [33] [34] [35] [36] , which include the flexibility of the spacer in the calculation of the conformer distribution and whose primary feature is the way the conformational state of the spacer is described.
The Rotational Isomeric State (RIS) model [33] limits the torsional angles of the chain bonds to the three tetrahedral conformations, resulting in the two possible angles between the para axis of the mesogenic units for odd and even dimers which are depicted in Figure 1 : for an odd dimer, the all-trans conformation that is bent and the cis conformation that forms a hairpin-shape, while for even dimers, the all-trans conformation is linear and the cis conformation is bent. Although the RIS model allows for a qualitative understanding of the odd-even effect mentioned previously, a realistic description of nematic phases of liquid crystal dimers should account for the flexibility of the spacer and include a wide range of conformations together with its temperature dependent distribution. Ferrarini et al. showed that a continuous distribution of torsional angles around the minima of RIS model [26, 35, 37] is necessary to explain the behaviour of liquid crystal dimers, including their dielectric properties. For odd dimers and considering a nematic environment, the continuous torsional potential model (CTP) predicts a broad conformational distribution around RIS configurations dominated by bent conformers ( 120° for CBnCB), but with an appreciable contribution of hairpin molecular configurations ( 15° for CBnCB), and anticipates that the increase of orientational order of the para-axis of the mesogenic units is reflected by the stabilization of the extended bent conformers at the expense of the hairpin-shaped ones [19, 26, 38] . Moreover, the continuous torsional potential also predicts a small decrease of the molecular curvature of the bent conformers for higher order parameters in order to better accommodate to the nematic potential. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 In addition to the spacer parity, the molecular curvature 'fine-tuning' effect of the nature of the linking chain should not be disregarded. In fact, while the odd CBnCB molecules constitute the archetypical example of materials exhibiting the N TB phase [22, 26, 27, 29] , , -bis(4,40-cyanobiphenyloxy)alkanes (CBOnOCB) compounds do not appear to satisfy the necessary conditions, such as the curvature, to avoid crystallization and to show the N TB phase [37] . However, the intense work in the field during the last few years revealed the occurrence of N TB phases for a variety of etherlinked [24, 39] , hydrogen-bonded driven [40] , imine-linked [28] odd dimers or nonsymmetric odd bimesogens containing chiral units [41, 42] .
In the case of dimers carrying dipole moments, any conformational change is reflected by the dielectric response, which is a measure of the mean-square dipole moment, understood as the averaged vector sum of the different molecular configurations. Thus, dielectric spectroscopy can reveal information about the temperature dependence of the conformational distribution as well as orientational order, which, as will be shown, is particularly the case for dimers with large longitudinal dipolar groups in the mesogenic units. Dielectric spectroscopy is also a powerful technique to gain insight into the rotational dynamics of the dipolar groups in different orienting environment conditions [43] . In this paper we aim to provide a comprehensive overview of the distinctive dielectric properties of nematic dimers, both for the conventional N and for the N TB phases. Accordingly, we will bring together and compare the most recent results for a number of dimers with different molecular structures in order to demonstrate the effect that chain length or molecular dipole distribution exert on the dielectric behaviour. This contribution will focus on dimers with positive dielectric anisotropy and large longitudinal dipole moments in the semirigid mesogenic groups. Results will be complemented with additional analysis of the [38] for the dielectric relaxation of nematic dimers, which will be detailed in later sections.
Results

Materials and methods
The materials considered in this contribution can be classified into two broad groups:
symmetric and non-symmetric dimers. Among the former (case i), we will consider the cyanobiphenyl based dimers CB9CB [44] and CB7CB [26] , which constitute the most representative examples of liquid crystal dimers exhibiting the N TB phase. The relative orientation of the dipole moments of each of the cyanobiphenyl units ( 4D) will determine the molecular net dipole moment. The schematic molecular structure, dipole distribution and mesomorphic behaviour of both materials is depicted in Figure 2 [26, 27, [44] [45] [46] . In addition, a two component mixture of both symmetric materials (CB7CB+CB9CB with 0.46 mole fraction of CB9CB) will also be considered. The mixture was prepared in a sealed aluminium pan and ultrasonicated in the isotropic phase. The observed phase sequence is listed in Figure 2 .
On the other hand, two different situations can be recognised for non-symmetric dimers: case (ii) only one mesogenic unit has a dipole moment and case (iii) both semirigid units carry dipole moments but of different magnitude. As an example of the latter, the ether-linked odd FFO9OCB [24] and even FFO10OCB dimers will be examined, for which the difluorobiphenyl unit has two identical dipole moments of about 1.5 D [24] and the liquid crystal phase behaviour has been characterized using modulated differential scanning calorimetry and polarized optical microscopy observations. The schematic molecular structures and mesomorphic behaviour of both materials are given in Figure 2 [17, 18, 24] . Although only a nematic phase is observed for the even dimer, it has been
shown that a monotropic twist-bend nematic phase can be obtained for FFO9OCB at very fast cooling rates. The latest results have shown that the N TB phase can be stabilized in binary mixtures with CB7CB [47] , thus facilitating the study of simple, non-symmetric systems exhibiting a N TB phase [48] .
Finally, as an illustrative example of case (ii), the behaviour of the family of  -
will be explored [49] [50] [51] [52] [53] [54] . As shown in Figure 2 these materials consist of two etherlinked terminal groups of greatly different shapes and sizes. The smaller unit, a cyanobiphenyl, has a dipole moment associated with the nitrile group, while the larger unit only carries a very small transverse dipole moment (associated with the imine group) that can be disregarded. Extensive studies have been performed on this family [49] [50] [51] [52] 54] showing that, excluding the shortest member (n=3) with a monotropic nematic phase, the rest of the odd members (n=5-11) exhibit enantiotropic nematic behaviour. In addition CBO9O.Py, CBO7O.Py and CBO5O.Py show a SmA phase at lower temperatures. Figure 2 gives a schematic representation of the molecular structure, together with the phase sequence for the compounds with n=7 and n=5.
Measurements of the static permittivity were performed in 8m  thickness Instec cells with antiparallel planar rubbing using the Agilent Precision LRC meter 
where   is the extrapolated high frequency permittivity, dc  is the dc conductivity and the sum is extended over the different relaxation modes with strengths k   . The relaxation time is related to the frequency of maximum loss through the parameters  and  , which describe the width and the asymmetry of the relaxation spectra, respectively ( 1   corresponds to a simple Debye-like process).
Static permittivity
Effect of dipolar structure.
The comparison between the temperature dependence of the static dielectric permittivity for the three dimers CB9CB [44] , FFO9OCB [24] and CBO7O.Py This directly reflects the fact that the different molecular dipolar configurations will dictate the mean square longitudinal dipole moment through the conformational distribution changes and so, will give rise to a wide diversity of behaviours. For
CBOnO.Py-like structures (ii), conformational changes do not affect the mean averaged longitudinal dipole moment given just by the single nitrile group and accordingly, ||  and their contribution to the orientational dielectric permittivity will be null. However, hairpin conformers with small interarm angles, for which both rigid units tend to align on average along the director, greatly contribute to the parallel component of the permittivity. Thus, the strong decrease of ||  on reducing the temperature reflects the progressive increase of the population of the bent (trans) molecular conformers, which are accommodated better by the nematic potential. We recall here, that the permittivity increases at the onset of the nematic order, which is agreement with molecular calculations [38] and corresponds to an initial stabilization of the hairpin conformers at the isotropic to nematic transition. Another interesting observation for CB9CB is that through the nematic and twist-bend nematic phases the dielectric anisotropy continuously decreases from a relative high value to even small negative at temperatures far from the nematic-nematic transition. The picture is then completed with the behaviour of FFO9OCB (case iii). Although ||  still decreases with the increase of the orientational order, as for the symmetric CB9CB, such decrease is much less pronounced. In this case the non-symmetry on the dipolar structure of both mesogenic units implies a non-zero longitudinal dipole component even for bent molecular configurations, which is responsible for the intermediate behaviour shown by this On the other hand, the behaviour of   is determined by the temperature dependence of the averaged transverse dipole moment, for which the differences between bent and hairpin conformers are more subtle and so, comparison of these three highly different materials is challenging. However, it is worth considering here the latest results for a series of binary mixtures of CB7CB and FFO9OCB [47, 48] . The Second, for longer chains the addition of small displacements in the torsional angles together with the strong preference for the semi-rigid units to tend to align with the director, promotes hairpin and bent conformational angles that adjust better to the nematic ordering and thus, an averaged lower transverse dipole moment [55] .
Effect of chain length and parity.
Interestingly, the trend in the dielectric anisotropy is directly reproduced by the values of the splay and bend elastic constants as can be appreciated in Finally, comparison of the dielectric behaviour for the two consecutive homologues FFO9OCB [24] and FFO10OCB is shown in Figure 5 . An opposite effect is clearly observed for these two consecutive odd and even dimers. Although having a longer chain, both reduced components of the permittivity of FFO10OCB are smaller.
This results in a smaller anisotropy for the even dimer, with measured values of 2.7 for FFO10OCB and 3.2 for FFO9OCB at 10 °C below the I-N transition, in good agreement with the trend reported for the homologues with n=5 to 12 [17] .The difference in value of ||  could be tentatively explained by the combined effect of a higher percentage of trans conformers for the even dimer (as will be discussed in the next section) and of the comparable smaller mean averaged molecular dipole moment of the cis conformers for the even dimer with respect to the odd one (see Figure 2) . In addition the increase of the orientational order also entails a larger increase of the most 180°. This implies a reduction of the averaged transverse dipole moment with respect to the odd dimers and, as can be observed in Figure 5 , this is reflected by the lower   values.
Dielectric spectrum
Molecular theory of dielectric relaxation in nematic dimers.
As has been shown in the preceding section, equations for the static permittivity components obtained by Maier and Meier for rigid rod-shaped mesogenic molecules in a nematic potential [56] fail to describe completely the variety of behaviours that are observed for flexible dimers. In addition, measurement of dielectric absorption curves of the non-symmetric dimer CB.O9O.10 [57] showed two well-defined Debye-like absorptions at frequencies characteristic for end-over-end relaxations instead of the single relaxation expected by Nordio-Rigatti-Segre (N-R-S) equations for dielectric relaxation in nematic liquid crystals composed of rigid rod-like molecules [58] . These findings motivated Stocchero et al. [38] to develop a theory for the dielectric relaxation of nematic dimers for which each of the mesogenic units is subjected to a nematic potential resulting in a four-state generalization of the Maier-Saupe potential [59, 60] .
The authors assumed a well defined time separation between chain dynamics and the reorientational relaxation processes and, due to the nature of the potential, state that orientational relaxation occurs via individual (note but not independent) end-over-end reorientation of the rigid units. It should be noted here, that flexible spacer imposes a correlation between both mesogenic units, accounted for by the equilibrium conformational distribution, which implies that the reorientaitons are considered to be individual but not independent. The flipping of the whole molecule at a time is excluded 
Equivalent mesogenic units.
For dimers composed of two identical mesogenic units with a non-zero longitudinal dipole moment, the kinetic model is simplified and the following monoexponential decay is predicted for the dipole correlation function in order to describe the low frequency dispersion of the parallel component of the permittivity [38] 
where ||  is the average longitudinal dipole moment located in each of the rigid units and eq C P is the equilibrium population of the cis conformers. This correlation function implies an absorption profile characterized by a single relaxation process whose strength is determined by the population of cis conformers, i.e. hairpin conformers for odd dimers. Such prediction successfully interprets the dielectric parallel spectra reported for the nematic phases of CB9CB [44] , CB7CB [26] or CBO11OCB [57] dimers, which show a low frequency relaxation mode ( 1|| m ) whose strength diminishes Characteristic frequencies of the two modes experience only a slight change at the transition and their activation energies remain almost unaltered [44, 46] . This absence of significant changes in the kinetic rates at the phase transition indicates that the difference between the nematic and twist-bend nematic molecular environment does not modify to any great extent the diffusion coefficients and the energy barriers for the reorientational motions of the semi-rigid units. Additionally, CB7CB case is a special case as it exhibits a glassy N TB phase which is easily accessible by slow cooling rates. It has been shown that, on approaching the glass transition temperature, both molecular motions become strongly cooperative changing in a concerted manner, both of them being responsible for a single glass transition temperature [46] . Finally, as can be seen This implies the appearance at the transition of a molecular tilt, which is consistent with the heliconical director distribution proposed for the N TB phase. Assuming that the order parameter change is small at the transition, so its effect can be neglected, and that the described increase of 
where eq C P and eq T P are the relative equilibrium populations of the hairpin (cis) and bend function implies a low frequency dielectric spectrum dominated by two relaxations whose strengths will be determined by the conformational distribution: that of the fast relaxation will decrease with increasing order parameter, while that of the slow relaxation will increase. It is clear, that the combined intensity of both modes would remain constant as shown by the static behaviour described in the previous section.
Both relaxation processes can be related to two kinetic processes: the high frequency mode involves the end-over-end rotation of the smaller group, while that at low frequencies implies the flip-flop motion of the larger pro-mesogenic unit, which although does not have a longitudinal dipole moment drives an immediate subsequent transition of the smaller rigid unit to restore the equilibrium population distribution.
The adequacy and possibilities of the model have been discussed in detail for the odd CBOnO.Py (n=3-11) homologues [51, 52] . In all cases the dielectric spectra was characterized by two low frequency Debye-like relaxations with correlated strengths m whose strength decreases with temperature, which is attributed to the superposition of the rotation of the molecule around its long axis and the precessional motions of the rigid units. As an example, the strength and frequency of the relaxation processes for CBO5O.Py are given in Figure 8 . As a result of the simplicity of the molecular dipole geometry and of the correlation function, the ratio of the strengths of both modes could be applied straightforwardly to estimate and compare the temperature dependence of the conformational distribution through Equation 3.
Calculations of such conformational distributions for the CBOnO.Py homologues have
shown that the population of bent conformers increases on lowering the temperature, Figure 8 for CBO5O.Py [52] . Additionally, such dependence of the conformational distribution on the length of the linking spacer also influences the character of the N-I phase transition. It has been shown, that the shorter the flexible chain is, the weaker the first order transition is, pointing out that, molecular biaxiality has a greater impact than molecular flexibility when driving the first order transition to become weaker [54] , as is also seen for more conventional dimers [37] .
We can now consider the cases of FFO9OCB and FFO10OCB, with an approximate ratio of 1 to 1/2 for the longitudinal dipoles of the cyanobiphenyl and the difluorobiphenyl units, respectively. It has been shown for FFO9OCB that irrespective of the smaller inequivalence in size of both rigid units, the flipping rates time separation is large enough to give a dielectric absorption profile characterized by two low frequency relaxation processes as in the preceding case [24] . Due to the higher transition temperatures, even dimers have usually been ignored for detailed property
studies. An interesting way of demonstrating that the distinctive low frequency relaxation mode results from the relative freedom of the rigid units and not from any Figure 9 shows the three-dimensional plot of the dielectric losses as a function of temperature and frequency for the even dimer in parallel director alignment, which was obtained by applying a bias electric field of 0.8 V/µm. At first glance, it can be seen that it is comparable to that of the odd dimer reported in [24] , with two low frequency relaxation modes together with a third process at higher frequencies 2|| m , and with lower strength that again can be attributed to fast equilibration modes due to the chain's torsional dynamics. However, additional information can be obtained from a more detailed inspection. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 [24] . The ratio of these two activation energies is about 0.6 and 0.7 for the even and odd dimers, respectively, a value to some extent lower than that found for CBOnO.Pys [52] and the non-symmetric dimer CBO9O.10 [57] . In any case, all of the activation energy values found for these dimers are in the same range as those observed for end-over-end reorientation in calamitic nematic phases [65] . Concerning the fast equilibration mode 2|| m , the activation energy for both homologues is about 35 kJ mol -1 , in the same range as found for CBOnO.Py dimers for the same relaxation process [51, 52] . [21, 47, 66] and that such strategy is successful in achieving the modulated nematic phase at room temperature [21, 67] . Thus, to conclude the overall picture of dielectric properties of nematic dimers, it would be interesting to recall the latest results for binary mixtures of FFO9OCB and CB7CB having different mole fractions [47] as the stabilization of the N TB phase allowed for the development of a thorough investigation of the dielectric properties of a system containing a nonsymmetric dimer and exhibiting the twist-bend nematic phase. The analysis of the results for the mixture with mole fraction of CB7CB equal to 0.48 [48] has shown that in mixtures containing a component with a non-symmetric dipolar distribution, the dielectric spectrum of both, the nematic and the twist-bend nematic phases, shows the two distinctive low frequency dielectric modes of the non-symmetric dimer and a strength ratio between the two modes reflecting the composition of the mixture. In the case studied, both modes can be labelled and associated to the same orientational relaxation process as in the pure FFO9OCB. As previously discussed for symmetric dimers, the frequencies of the three characteristic processes remain almost unaltered at the transition to the N TB phase and with practically no change in their activation energies.
Summary
The present paper provides a survey of the latest studies of the dielectric properties of liquid crystal dimers. As has been discussed, the dielectric behaviour is especially sensitive to molecular shape and flexibility, and liquid crystal dimers are particularly good examples of this. It has been shown how, irrespectively of the molecular dipole geometry or the length and parity of the spacer, the dielectric permittivity reflects the temperature dependence of the conformational distribution, evidencing the increase of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Figure 5 . The dependence on the shifted temperature of the static permittivity reduced by the permittivity value at the isotropic phase εiso(TNI) for (triangles) FFO9OCB and (squares) FFO10OCB. 120x90mm (300 x 300 DPI) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
